Abstract-The main purpose of this paper is to present and apply one of the statistical methodologies -the region of influence (ROI) approach -and form homogenous region/regions for rainfall frequency analysis in order to extract rainfall information guidelines for the Sudan basin. 15 gauging stations are selected, with recorded annual data ranging from 25 to 102 years in length. The aim here is to provide a regional curve with the capacity of taking into account the spatial pattern of variation of hydrologic phenomena across many gauging sites and which can be used for estimating rainfall quantiles at both gauged and ungauged sites within a specified region. This regional curve can also provide the possibility of the transfer of hydrologic behavior of a region to a site of interest in order to improve at-site estimates.
INTRODUCTION
Water is one of our most important natural resources, and there are many conflicting demands upon it. Skilful management of our water bodies is required if they are to be used for such diverse purpose as domestic and industrial supply, crop irrigation, transport, recreation , sport and commercial fisheries, power generation and waste disposal. So, it needs no probability to state that water constitutes one of the most essentials for life existence, and enough has been said about the role of water in the various biological processes sustaining life.
An essential step in the design of any containment structure and in water resource management is estimating the probabilities of occurrence for the events that the structure is designed to alleviate or that will play an important role in our decisions. The statistical method for making such probability predictions has been revolutionized by computers, and it seems that the current method based on regional analysis is much better than the conventional at-site procedure. At-site frequency analysis has a weak point on accuracy in case of short record length. Therefore, sufficient amount of data are needed for at-sitefrequency analysis. In Sudan, more reliable quantiles can be obtained by regional frequency analysis since there are not enough data at site.
The research tend to analysis the rainfall in Sudan, to develop design procedures for estimating rainfall magnitudes for given probabilities of nonexceedence at gauged and ungauged sites in the region with aim at improving adequate measures in the design of water resources structures, such as culverts, bridges, reservoirs, spillways, etc, and aiming towards a greening economy and sustainable development.
In this study, the region of influence (ROI) method was applied to annual maximum rainfall data. In addition, application of this method was examined. L-moments such as L-CV, L-skewness, and L-kurtosis were estimated for each site and divided regions. The aim of this study has been to adapt, analyse and evaluate an Index Flood regionalisation approach for Sudan. Preliminary investigations and results revealed the need for a flexible approach to region identification in order to correspond to the complex natural environment in Sudan. The potential approach has to allow for the highest degree of homogeneity possible for the respective sites of interest under the constraints of the hydrologic conditions and data availability. 
THE DATA
The data used have been collected from 15 raingauging stations, the records of which are published by the Sudan National Meteorology Department. Altitude and latitude have been assumed as initial statistics of hydrologic homogeneity, and station selection criteria were based on these characteristics. All sites used in this procedure are located between 31°50_ and 33°25_N latitudes, and 1530 and 2300 m altitudes (MSL). Records used for the analysis have ended the same year, and there are no gaps in the records (Table I and Fig. 1 ). 
III. APPLICATION OF REGION OF INFLUENCE APPROACH
This section introduces the Region of Influence approach as a candidate method. Firstly, its concept is discussed, following the presentation of its procedural components. The final sub-section gives a tentative evaluation of the method, highlighting advantages and promising features as well as limitations and shortcomings.
A. The ROI Procedure
Further issues concerning the ROI approach are presented in this section in the context of a flowchart type representation, pointing out the sequential steps, including some implications for the practical application. Fig. 2 shows the flowchart with the ROI procedure's main components.
• Ungauged site of interest: starting point is the site of interest on which everything is focussed and for which a rainfall quantile estimate is desired. The derivation of its drainage basin is the first step.
• Derive basin descriptors: The subsequent step involves the derivation of basin descriptors to characterise the site of interest. These attributes are used as reference values in the following region identification process for the definition of similarity among basins.
• Region identification: This comprises the identification of those gauging stations that ultimately build the site of interest's region. This step itself can be broken down into several subcomponents as illustrated in Fig. 3 . Firstly, there is the attribute selection. The outcome of this step is the choice of those basin attributes that are considered in the distance calculation. The successive step is the weight assignment, associating weights with the selected attributes.
Given the characterisation of the site of interest, the selected attributes and the assigned weights, the distance is calculated according to (1) . The necessary information, the characterisations of all available gauging stations with respect to the selected attributes, is retrieved from an attribute database. The distance computation yields the similarity measures according to which the gauging stations can be sorted. This in turn represents the basis for the region size determination, which comprises the selection of the ROI sites.
• Region evaluation: The identified region has to undergo an evaluation with respect to its homogeneity and the fulfilment of the method's prerequisites. Fig. 4 shows a more detailed representation of this step with a number of tests and examinations that a region should pass in order to be accepted. This region diagnosis encompasses statistical homogeneity tests, an analysis concerning similarity in the seasonal behaviour of the ROI stations, and the examination of the goodness-of-fit of the Index Flood relationship and the investigation of the region's simple scaling behaviour. Since some of these tests require a visual interpretation of the results, their graphical display is deemed to be beneficial for the evaluation. The synoptically evaluation of all test results leads to the subsequent step, the decision about acceptance or rejection of the region.
• Region accepted? This decision depends whether the pooling group can be rated acceptably homogeneous according to the outcome of the former region evaluation. If the region is rejected, a modification of the pooling group composition is necessary. On the one hand, this may be affected by a manual region revision, which could also be referred to as "heuristic search process" and includes some subjectiveness since the user's regional expert knowledge (knowledge of the regional hydrology conditions) is brought in. It comprises the removal of single stations from the region ensemble. Such stations may have been identified as not belonging to the ROI, because they showed discordant behaviour in one or more of the region evaluation tests. But also additional information that could not have been parameterised, like certain stations' peculiarities about which the user has knowledge may influence this revision. On the other hand, without manual modification, a new region may be identified by running again through the whole region identification process with a different set of considered attributes and assigned weights. The modified region or the newly identified region has to undergo again the region evaluation. This loop has to be repeated until it passes the region acceptance step [11] . It is thus an iterative search process in a partly interactive manner. In the utmost case no acceptable region can be found so that no meaningful information transfer for the respective site of interest is possible.
• Information aggregation and growth curve determination: Once a region has been accepted, the rainfall series of the ROI stations have to be pooled into regional statistics. For this purpose, the stations' rainfall records are retrieved from a database containing the annual rainfall series of all available gauging stations. The data aggregation and, subsequently, the derivation of the growth curve are carried out, respectively.
• Rainfall quantile for desired return period: From the derived growth curve, the dimensionless rainfall quantile for the desired return period is computed.
Obtaining the absolute value of the site of interest's rainfall quantile estimate still requires the multiplication with the Index Flood.
B. Flexibility
The ROI method is a flexible approach not only from its original idea in identifying unique regions for every site of interest, but also regarding its procedure in that for some of its components various options exist, which themselves contain a certain level of flexibility. From all this, the present ROI approach is understood as a methodological framework with an underlying heuristic idea. This framework, in essence the structure of the procedure illustrated in the flowchart of Fig. 2 , is kept modular in that several options may serve for the single steps. It has also the advantage of easily integrating advancements of some components. This is unlike some applications where the approach has been carried out with strict rules and default options. For instance, the UK Flood Estimation Handbook, FEH (1999), suggests to consistently using three attributes, weighted equally, to calculate the distance measure.
C. Degreen of Freedom and Subjectiveness
This flexibility, which was desired to make regionalisation applicable for the heterogeneous environments found in Sudan, entails unfortunately subjectiveness. Main sources for subjectiveness are:
• The choice for one of the optional approaches to pass the individual steps of the procedure (although preference is mostly associated with one of the options).
• The need for expert judgement for attribute selection and weight assignment (importance of attributes is presumed to vary in space).
• The region evaluation and revision, and the decision whether to accept a region or not. From the applied point of view, this is most likely the main reason for objection, since a considerable number of degrees of freedom is left to the user. If taken as a tool for the application oriented engineering hydrology community, then it is probably not what the engineering community would like to have in that too much is asked of the single user, overburdened with personal expertise and judgement requirements.
D. Information Updating
A further important feature of the ROI approach is its flexibility also with respect to the extension of the data pool with data becoming available in time. The data pool that the application exploits consists of the rainfall records and the basin descriptors of all gauging stations (the attribute-and the AFS databases in Fig. 3 ). A continuous updating with newly available information ensures that the estimation of rainfall quantiles at the site of interest is based on the best available data sets at that respective point in time. Such new information can originate from
• new gauging stations included in the database • additional rainfall records of already considered gauging stations • new basin descriptors The possible emergence of new attributes is in favour of only providing a general framework with some optional procedures for the attribute selection rather than prescribing strictly specific attributes, since such a recommendation may become obsolete with the availability of new data. This is unlike the case of predefined regions, where the identification of the regions, the establishment of their growth curves etc. has been carried out with the data sets given at a certain point in time. Information that became available since the region determination is not considered.
E. The Concept of ROI
The method was introduced by Acreman
- [14] and has been adapted and developed by Bum [3] - [8] . An application of this method can be found, for instance, in Zrinji & Bum [15] . The same authors added a hierarchical feature to the ROI approach [16] - [15] . Tasker applied the concept so that regression analysis has been performed upon the identified ROIs in order to estimate rainfall quantiles. The UK Rood Estimation Handbook FEH (1999) adopted the ROI concept as well.
The fundamental idea of the Region of Influence approach is the determination of a unique region for every site of interest. It does not claim distinct boundaries between different regions (both in geographical and attribute space) and leaves the more traditional approach of breaking down a given study area into a limited number of a priori defined groups. Instead, a tailor-made region considers the information only from those gauging stations that are sufficiently similar to the respective site of interest. The core of the ROI method is, therefore, the definition of a similarity measure in order to quantify the closeness of the gauging stations with respect to the site of interest. This implies the choice and appropriate aggregation of basin attributes into a distance measure. Based on such a similarity index, a subset of all available gauging stations is selected which represents the most similar sites and creates the region of influence of the site of interest. This station selection requires a criterion for deciding how many stations to include. After the region composition has been determined, the rainfall records of the selected stations still need to be aggregated for, eventually, establishing the growth curve.
F. The Similarty Measure
As a similarity index a distance measure is suggested that calculates the closeness of all available stations to the site of interest in a multidimensional attribute space. A commonly used measure is the weighted Euclidean distance. In its most generic form, this distance measure can be written as (1) Dij being the weighted distance between stations j; and the site of interest i, M the number of attributes used to define station similarity, wm the weight applied to attribute m, the standardised value of attribute m for station j and p an exponent, respectively. This type of similarity measure is also very often used in cluster analysis. One may, therefore, refer to the ROI as a sort of dynamic clustering in that for every site of interest the corresponding cluster is determined anew.
The distance measure is based on M selected attributes. It is expected that similarity in certain attributes is equivalent to similarity in the rainfall generation processes with similar extreme flow responses. If several attributes are available, a selection has to be carried out with regard to which of them are most significant and should thus be included in the similarity measure. The distance measure is the core of the region identification, since stations are selected or discarded according to its value. It is therefore crucial which attributes to consider. This is why this section is dedicated to the issue of attribute selection. There, a number of possible approaches are discussed as to how to perform this task and, since intimately related, also deals with the next item, namely the weight assignment to the selected attributes.
The weight wm reflects the relative importance of attribute m. Since an attribute is an indicator of a related rainfall generation process, the weight wm ultimately represents the importance of this process. A potential refinement is that weights are a function of the return period T if it is presumed that the relative importance of the considered attributes changes with the extremity of the rainfall.
Since the attributes chosen for the distance measure will have different units and in most cases also different magnitudes, it is necessary to perform a standardisation of the attribute data prior to calculating the distance measure. As for standardisation, several methods are conceivable [6] - [1] .
Such methods are, for example, normalisation based on a range or standard deviation and/or subtraction of the mean. The two most common normalisation methods are briefly presented below.
Method A: standardisation of the attribute value Xj, by the standard deviation with subtraction of the mean. In formal writing, Method B: standardisation by the total attributes value range with subtraction of the minimum attribute value. In formal writing, Xj; being the actual value of the X attribute for site j; the standardised value, Mx the average value, Sx the standard deviation, Xmin the minimum value and Xmax the maximum value of attribute X.
In the case of method B, all standardised attribute values fall in the range [-1, 1], whereas in case A, the standardised values can also have values exceeding 1, or may fall below -1. The relative spread is more sensitive to the presence of single extremes in case B, because the reference range is determined only by the extremes, whereas in case A, this reference, Sx, depends on the whole sample. Therefore, standardisation method A is the preferred approach.
The exponent p in Equation 1, sometimes referred to as the "norm" of the distance measure, reflects the tolerance of deviations. The higher the value of p the more emphasis is put on high departures, with the extreme case of p → ∞, where only the largest distance of a single attribute becomes relevant for the distance measure. Thus, p is not associated with an attribute but rather to the whole system. A common value is p equal 2. Should p be an odd number, the absolute values of the differences in brackets in Equation 1 have to be taken.
Sometimes it is desired that the stations identified with such a distance measure be not overly scattered in space but are characterised by geographical proximity. In order to reach this goal, it is often necessary to include the geographical distance as an attribute, which can be incorporated in Equation 1 like any other attribute, too. To represent this incorporation in an explicit way, the distance formula can be rewritten in the form [8] - [3] (2) being the similarity index between station i and j; including spatial distance (combined similarity index), Dij the similarity index based on one or more basin characteristics, d ij the geographic distance between catchments i and j, dmax the maximum geographic distance between any catchment pair, and w the weighting factor reflecting the relative importance of spatial proximity, respectively. Large values of w (as compared to a weight of one assigned to D ij ) will promote regions that are geographically contiguous, but not necessarily hydrologically similar in terms of the considered attributes.
Representing the central point on which the whole approach hinges, the distance measure deserves particular attention. Does it consider all relevant factors with their right proportion so that it truly reflects a measure of similarity in rainfall response? This implies that those factors can be identified and the associated indicators, or rather basin attributes are derivable from available information. In practical terms, one can only expect an approximation of this ideal situation. Evaluating the significance of the similarity measure is subject to interpretation. To what extent the dominant rainfall generation processes are captured by the index? As an example of what remains typically unaccounted for are local hydraulic effects. If no suitable parameter is at hand for such strongly site-specific features as a similarity attribute, one has to assess the extent to which this reduces the significance of the similarity measure. If recognised as an essential factor, this may promote research efforts for obtaining a related parameter.
G. The ROI Size
In cluster analysis, one is confronted with the problem of finding a criterion for identifying the limit between withingroup similarity and between-group dissimilarity. In other words, a "stopping rule" for incorporating new stations to the cluster is required. As for the ROI approach, a similar problem occurs when it is about the size (number of sites) of the region. Up to which distance further stations should be included in the region? Once the distance has been calculated, the gauging stations can be ranked accordingly and the most similar stations will then be selected to build the region (see Table II ). This is sketched schematically in Fig. 5 , illustrating an assumed distribution of the distance measure. The more uniform this distribution, the less clear the cutting point for defining very similar and/or dissimilar basins. There are several approaches as to how to carry out the selection of those stations that eventually constitute the region on the basis of the above similarity measure.
Subjective determination, considering the similarity measure:
Although the absolute distance values themselves do not have any physical meaning, in a relative context they can be used to discriminate between more and less similar basins. Thus, the procedure would be to stop incorporating sites when the corresponding distance values are significantly higher than those from the most similar sites. In essence, this is what is outlined in Fig. 5 .
Based on a distance measure threshold:
Burn [3] - [7] - [9] discussed some options based on such a threshold. The set Ii, of stations selected for station i is based on the distance measure Dij in that all stations j that have a distance Dij smaller than a certain threshold , will be selected.
(3)
A further point is then still the determination of a weighting function that reflects the relative closeness of each station of the pooling group with respect to the site of interest. This weighting function is used for the data aggregation, that is, the higher the distance, the less similar the station and thus the less weight assigned to the respective rainfall records for the regionally averaged moments. One option is to choose a sufficiently large threshold value so that all stations are included in a ROI in combination with a weighting function reflecting the respective similarity. Another option would result from choosing a very restrictive threshold so that ROI becomes very small. The resulting stations are then expected to be very similar in rainfall response to the site of interest and the weights of these stations are significantly different from zero, i.e., all one. A special case of this option would be to set so that the region's size becomes zero, that is, Ii= {}. It would mean that there is no other acceptably similar basin that could be used for a meaningful information transfer.
Between the two above extreme options, some "inbetween" options may be conceived. For instance, up to a lower threshold sites are weighted equally and then, further to an upper distance threshold, weights decrease according to the corresponding similarity measure.
Coupling region size and return period: The UK Flood Estimation Handbook (FEH, 1999) suggests a rule of thumb, referred to as 5T rule. It says that the pooled stations should collectively supply five times as many years of record as the target return period, T. Thus, the pooling group has a size to provide at least 5T station-years of rainfall data. The philosophy of this approach is to reduce the extrapolation span and, thus, uncertainty of the required rainfall quantile while coupling sample size and return period. This is why resultant pooling groups are referred to as site-and return period-oriented. Such an approach, however, ignores the homogeneity of a region, since the homogeneity level of a pooling group is expected to decrease while increasing its ROI size. Moreover, fixing the number of selected stations according to the 5T rule considers the most similar stations irrespective of their absolute distance values. As for the situation in Sudan, a target ROI size valid for the whole country is not appropriate already alone from the fact that the gauging stations are anything but evenly distributed across Sudan.
On the basis of a homogeneity test:
The rationale of this variant can be formulated as follows. Starting from the station list, which is sorted according to the distance measure, stations are incrementally added to the pooling group. After each step, the region is assessed by means of a statistical homogeneity test. The inclusion of further stations stops as soon as the applied test identifies the station ensemble as heterogeneous (an example of such an approach is reported in Zrinji & Bum) [2] - [9] - [16] . Table III shows the applications of this variant rely on Wiltshire's R-test. Although this approach implicitly comprises the statistical homogeneity evaluation of a region, it also entails all limitations of the respective homogeneity test. An aspect closely related to this section's issue is the question as to how different one may expect the ROI sizes to be across Sudan. How plausible is the assumption of a consistent number of pooling group members across regions? As previously mentioned, the similarity measure has a relative meaning. In absolute terms, however, one can expect that in some parts of Sudan, or rather for some sites of interest, one will find more other resembling basins and thus larger regions than for other sites.
This already descends from the fact that the gauging station density is not uniform and that some areas feature higher variability than other, more homogeneous parts of Sudan. Moreover, there may be sites of interest with particularities and unique features that make it likely to find hardly any closely resembling gauged basin. In all, one cannot presume a consistent ROI size, simply because the predisposition for regionalisation is not the same everywhere. This also explains the impossibility of generally qualifying the ROI approach as suitable or not for Sudan. Rather, it depends on the respective site of interest and its broader surrounding. As empirical evidence thereof, a considerable number of potential sites of interest have been examined with respect to their maximum ROI size that can still be qualified as homogeneous according to an applied statistical homogeneity test. The resulting differences in the size of homogenous regions among the analysed sites corroborate empirically the above considerations.
The issue of the adequate region size is also addressed here and applied for two different return periods, where the ROI method is systematically applied with varying region sizes. The effect on the prediction performance has been investigated in order to obtain possible indications with respect to the region size magnitude Table IV for 50 years return period shows the unique region for every site of interest (10 selected sites). 
IV. CHOICE OF THE REGIONAL FREQUENCY DISTRIBUTION
The establishment of the growth curve requires the selection of a theoretical distribution function. Tools for the decision and discrimination between distributions are goodness-of-fit tests (e.g. chi-square, Kolmogorov-Smirnov) or graphical plots, allowing a visual inspection of which distribution best fits the empirical distribution.
Also moment-ratio diagrams provide a means of comparing certain theoretical distributions with the sample characteristics (see Fig. 6 ).
From the diagram (Fig. 6 ) the Generalised Extreme Value (GEV) distribution is chosen as regional distribution throughout the method, the parameters of which are based on L-moments.
V. THE DATA AGGREGATION AND DETERMINATION OF THE REGIONAL GROWTH CURVE
For the purpose of the data pooling of the considered ROI stations, the approach of regionally averaged moments is pursued. The ROI approach provides the similarity measure, D ij , for the selected stations of a pooling group. Hence, it is self-evident to employ this information for the derivation of weights. Such weights support the aim of allowing a varying influence of the individual ROI stations with respect to the growth curve determination while calculating weighted regionally averaged moments (see Tables IV). Since it is desired that, apart from the similarity measure, also information on the reliability of the stations' rainfall series influences the regional moments, overall weights [4] - [5] are suggested for the data aggregation.
At the end of the data aggregation procedure are the regional moments. They provide the necessary information to estimate the parameters of the growth curve, for which the GEV distribution is, applied [10] - [13] - [15] . Table 6 shows the sites and regional quantiles calculated by the methods. 
VI. DISCUSSIONS OF ROI RESULTS
The adequate region size is addressed and applied for two different return periods, where the ROI method is systematically applied with varying region sizes. The effect on the prediction performance has been investigated in order to obtain possible indications with respect to the region size magnitude Table IV for 50 years return period shows the unique region for every site of interest (10 selected sites). Diagnostics of model results, it compares the estimated quantile for 100 years and corresponding drainage area (A km2), longitude (Xdis) and latitude (Ydis) at different selected sites (10 sites) is carried out, which respectively results in the following derived equations:
With coefficient of determination R2 of 0.7155 and 0.7969, the root mean squared error (RMSE) of 125.7424 and 82.3325, the mean absolute error (MAE) of 101.9746 and 60.8757, the percentual root mean squared error (RMSEP) of 24.8% and 25.8%, and the percentual mean absolute error (MAEP) of 16% and 19.6% for the defined sites.
VII. THE FINAL EVALUATION
Therefore, the ROI approach, as it is conceived in this paper, is not viewed as a rigidly specified procedure, but is rather understood as a methodological framework supporting the user in identifying and qualifying the region for the site of interest.
Integration of regional expert knowledge is seen as an essential component of the method. This is accomplished in an interactive and iterative manner in conjunction with the developed software program.
From the conceptual point of view, the ROI approach may be qualified to possess the necessary flexibility to tackle the unfavorable conditions -due to the high heterogeneityfor information transfer in Sudan. There are, however, a number of relevant issues that do not generally allow advocating or rejecting the approach as far as its suitability for application in Sudan is concerned.
One point is that the method parse may be very flexible, but requires a corresponding data availability covering and reflecting the heterogeneous conditions in space. The suitability, or rather, the success of the ROI method thus depends to a significant extent on the given information density and quality. Information refers to both rainfall records, as actual information to be transferred, and basin attributes, used to identify the stations among which the information is transferred. Concerning rainfall records, information density is related to the spatial density of gauging stations.
Information quality is related to the gauging stations' record lengths as well as the reliability of the rainfall measurements. With regard to the basin attributes, information density and quality refer to the meaningfulness of the available attributes. To what extent do the derived and selected basin characteristics capture all dominant processes? As both aspects, information density of rainfall records and basin attributes, vary in space, the preconditions for the successful ROI application differ spatially.
While for some sites a sufficient number of acceptably similar gauging stations may be identified, no such adequate pooling groups may result for other sites. The evaluation of the suitability of the identified region for information transfer is suggested to be based on a synoptic view of a number of diagnostic tools that have been presented.
From the results presented above, one may conclude that the ROI is an efficient regionalization approach and can be easily extended to the case of ungauged sites with some revisions to the attributes selected in the distance measure. As the concept itself is site oriented, a final evaluation may thus come to the conclusion that also the assessment of the approach's suitability is site-specific. It depends on the respective information available around the site of interest as well as on the adequacy of the basin attributes in reflecting the important processes. Hence, the recommendation is to apply the ROI method with the given constraint of limited available input information and then to evaluate from case to case if the best identifiable region is acceptably homogenous and contains sufficient and reliable rainfall data for performing the desired information transfer.
